Biodegradable magnesium (Mg)-copper (Cu) coatings are promising in orthopedic implants to enhance osteogenesis. The present study aimed to compare the osteogenic effect of Mg-Cu coating and noncoating implants using a rabbit model. Mg/Mg-Cu coating of porous Ti6Al4V alloys was performed by the arc ion plating method. Five porous implants (smooth, porous, Mg coated, Mg-0.1Cu coated, and Mg-0.7Cu coated) were implanted into the distal femurs of the rabbits. The rabbits were sacrificed after one and two months, respectively, and the distal femurs with the implants were analyzed via microcomputed tomography (CT), double fluorescent labeling, and hard tissue biopsy to evaluate their osteogenic effect. During the two months of observation, the Mg/Mg-Cu coatings exhibited no advantages when compared with the bare porous structures in terms of bone integration; however, the porous structures were more conducive for bone ingrowth than the smooth implants. The osteogenic application of Mg-Cu coated orthopedic implants is worth further investigation. Furthermore, due to its long-term antibacterial ability, the biodegradable Mg-Cu coatings are promising in orthopedic applications.
Introduction
Biodegradable magnesium (Mg) implants have been widely used in both in vitro and in vivo studies, as they can avoid repeated removal, thus reducing cost and treatment risk. They are becoming potential metal substitutes for the existing implant materials.
1,2 Furthermore, the main limitation for its clinical application is the rapid initial degradation of Mg and its biomechanical strength. 3 It is generally considered that the 4-16 week degradation time is suitable for Mg implants, 4 which can ensure the stability and healing of fracture.
From a materials perspective, copper (Cu) is one of the antibacterial metals, and studies have reported that the de-ciency of Cu ions can affect bone induction and osteoclast activity. 5 Copper alloys can accelerate the degradation of Mg; therefore, the rate of Mg degradation can be adjusted by different Cu concentrations. 6 An in vitro study has reported that biodegradable Mg-Cu alloys have long-term antibacterial effects. 6 Besides antiseptic effects, it is reported that a high concentration of Mg can signicantly activate bone cells and improve the activity of osteoblasts and osteoclasts in vitro. 7, 8 The degradable feature and its potential effects of antibiosis and bone remodeling imply another possible use of Mg or Mg alloys as a surface coating material of biologically xed implants. Therefore, Mg-Cu coatings on porous Ti6Al4V implants might exhibit antibacterial function, thus, preventing early periprosthetic infections. However, whether Mg-Cu coatings inu-ence bone ingrowth into porous implants in vivo is not known. In the present study, we deposited different proportions of Mg and Cu coatings on porous implant surfaces by arc ion plating, and introduced them into animal models to compare the effect of Mg and Cu coatings on bone ingrowth based on porous structures. We hypothesized that Mg-Cu coatings can promote bone integration when compared with the non-coated controls.
Materials and methods

Ti6Al4V implants
The cylindrical implants were provided by the Jiangsu Okani Medical Technology (Soochow, Jiangsu, China). As shown in Fig. 1 , there are ve types of implants, including smooth (no coated), porous (porous structures without coating), Mg (porous implant with Mg coating), Mg-0.1Cu (the proportion of Mg and Cu is 1 : 0.1), and Mg-0.7Cu implants (the proportion of Mg and Cu is 1 : 0.7) (Fig. 1) . All the implants were prepared by 3D printing with Ti6Al4V, and the porous structures were 8 mm long and 4.2 mm wide. There were two sites with 1 mm porous structures at both ends of the implants. The deposition of Mg and Mg-Cu coating on Ti6Al4V alloy was performed by the arc ion plating method. The implants were sterilized by irradiation and packed under sterile environmental condition.
Animals
Eighty female rabbits weighing 2.5-3.0 kg were procured from the Animal Experimental Center of the Renji Hospital (Shanghai Jiaotong University, Shanghai, China). They were randomly assigned to two groups, one group with an observation time of one month and the other group with two months. Each group was divided into ve subgroups according to the implants-smooth (n ¼ 8), porous (n ¼ 8), Mg coated (n ¼ 8), Mg-0.1Cu coated (n ¼ 8), and Mg-0.7Cu coated (n ¼ 8). The rabbits were maintained in a surgical research institution for one week prior to implantation. They were maintained in groups of eight per cage, with access to food and water ad libitum. All the animal procedures and experiments were approved by the Animal Ethical Committee of the Renji Hospital, Shanghai Jiaotong University, School of Medicine (Shanghai, China). All experiments were performed according to the guidelines of the National Institute of Health, and the institutional rules for the use and care of laboratory animals at the Shanghai Jiaotong University.
Surgical procedures
The rabbits were anesthetized by venous administration of ketamine (10 mg kg À1 ). Each rabbit was immobilized with the knee joint in the maximally exed position, and the le leg was shaved and depilated. A channel of length 15 mm was drilled at the end of the distal femur (just under the trochlea) using 4 mm hollow drill bits, and the cylindrical implant was then inserted into the hole and embedded in the middle of the channel with a hammer. The wound was sutured by layers aer irrigation. Aer surgery, the rabbits were housed in ventilated rooms with access to water and food. Each animal was observed and evaluated daily for their general health.
Double uorescent labeling
To the rabbits that were observed for one month, Alizarin Red S (30 mg kg À1 ) (Sigma) and Calcein (20 mg kg À1 ) (Sigma) were intraperitoneally injected 1 and 3 weeks post operation, respectively, to label the newly forming bone. To the rabbits that were observed for two months, Alizarin Red S (30 mg kg À1 ) (Sigma) and Calcein (20 mg kg À1 ) (Sigma) were intraperitoneally injected 3 and 6 weeks post operation. Two slices per animal were used for uorescence observation. In each slice, two visual elds were randomly selected, and the uorescence intensity was analyzed using the Image-pro soware.
Sample preparation
The animals were sacriced through the intravenous injection of pentobarbital sodium overdose one and two months aer surgery. The distal femurs were harvested and xed in 4% buffered formaldehyde for histomorphometric observation and micro-CT examination.
Micro-CT examination
Aer sacricing the rabbits, the distal femur from their le hind limbs was examined using a micro-CT system (SCANCO medical AG, Bassersdorf, Zurich, Switzerland) with 30 mm axial slices. According to the recommended reporting guidelines for methodology, 10,11 the 2D images of the distal femur of an adult rabbit were scanned at a voxel size of 12 mm. The images were acquired at 70 kVp, 30 mA, and 300 ms integration time. The porous structure was dened as volume of interest 1 (VOI 1; 1 mm in width, 5.9 mm in height). The peripheral circular volume, which was 0.5 mm in diameter and 3 mm in height, was dened as volume of interest 2 (VOI 2). The bone density (BD) and bone volume/total volume (BV/TV) were analyzed in the VOIs 1 and 2. The 2D images of the distal femurs and 3D images of new porous (VOI 1) and peripheral (VOI 2) bones were reconstructed (Fig. 2) .
Hard tissue biopsy
The distal femurs were dehydrated stepwise using 70%, 95%, and 100% ethanol, followed by incubation in methyl methacrylate. A Leica diamond saw (Leica SP1600) was used to cut the resin blocks into 150 mm thick slices, parallel to the long axis of the femoral sha. The sections were ground and polished to a thickness of about 50 mm. The specimens were stained using van Gieson's picrofuchsin. Two slices per animal were used for microscopic observation. In each slice, two visual elds were randomly observed using a light microscope (4Â, 10Â; Carl Zeiss MicroImaging GmbH, Germany).
Statistical analysis
The data were analyzed by the one-way analysis of variance (ANOVA) with least signicant difference (LSD) post hoc t-tests. Whitney U and Wilcoxon rank sum tests were used for unpaired and paired non-parametric data, respectively. Differences with p < 0.05 were considered statistically signicant. 
Results
Micro-CT examination
There was no signicant difference in the BD and BV/TV values of the porous structures (VOI 1) between months 1 and 2 ( Fig. 2) . Moreover, there was no signicant difference among the groups, except the smooth group (no VOI 1). In the peripheral area (VOI 2), the BD in the porous structure was higher than that in the smooth surface structure (p < 0.05), whereas there was no signicant difference between the Mg/ Mg-Cu and porous groups (p > 0.05). The BV/TV value of the porous structure group was higher than that of the smooth group. Furthermore, there was no signicant difference between the Mg/Mg-Cu and porous groups (p > 0.05), and among the different Mg/Mg-Cu groups. The BV of the porous structure decreased aer two months; however, it was not signicant (p > 0.05). In particular, the BV/TV value of the Mg-0.7 Cu group decreased signicantly aer two months when compared with that aer one month (p < 0.05).
Double uorescent labeling
The uorescence intensity of the coated groups was not higher than that of the porous group in VOI 1 (p > 0.05). In the rst month, the uorescence intensity of the coated groups was marginally higher than that of the porous group in VOI 2; however, there was no signicant difference (p > 0.05). Additionally, there was no signicant difference among the different Mg/Mg-Cu content groups in VOI 2 (p > 0.05). The uorescence intensity of porous groups (including the coated groups) was higher than that of the smooth group in VOI 2 (p < 0.05). In the second month, the overall trend was consistent with that in the rst month; however, the uorescence intensity was marginally low (Fig. 3) .
Hard tissue biopsy
The BV in VOI 2 of the porous group was signicantly higher than that of the smooth group. However, there was no signi-cant difference among the different Mg/Mg-Cu content groups, which is consistent with the results of the CT analysis (Fig. 4) . The bone growth in VOI 1 was also consistent with the ndings of the CT scan.
Discussion
In the present study, the effects of different proportions of Mg/ Mg-Cu coatings on bone ingrowth were investigated. Although the porous structures were better than the smooth structures, Mg and two proportions of Mg-Cu coatings exhibited no obvious effect on osteogenesis compared with that of bare porous structures. However, it has been reported that Mg-0.03Cu and Mg-0.19Cu have a considerable effect on cell adhesion and activity. 6 This can be attributed to the following reasons. (1) The porous structure itself has a strong bone integration effect, the effect of Mg-Cu coating did not exceed that, and therefore the bone formation effect was not obvious. (2) Copper can accelerate the degeneration of Mg coating; in order to improve the short-term osteogenic ability, the release of Mg ion can be regulated by elevating the proportion of Cu. Thus, we selected Mg-0.1Cu and Mg-0.7Cu to improve its osteogenic effect. However, the proportion of Mg-Cu coating was not the best. Further research in this area should be carried out. (3) With respect to the complicated environment in vivo, the inuential factors, such as operative bleeding, ushing, and repeated implant placing, can also affect the results.
In general, the rate of degradation in vivo is 1-5 times less than that in vitro. 12 In the present study, during the observation period of one month, it was found that osteogenesis in the MgCu groups relatively increased. However, there was no statistical difference when compared with that of the bare porous group. During the second month, the BV decreased relatively. A possible reason for this can be the degradation of coating and weakening of its local function, resulting in callus remolding process (the observation of slices indicated increased callus aggregation). The effect of Mg-Cu coating on bone integration was not obvious compared with that of porous structures. Further, the antibacterial effect of Cu released from the Mg-Cu alloys against Staphylococcus aureus in the neutral environment has been veried. 6 Previous studies have also demonstrated the ability of Mg against bacterial infection to reduce the risk of implant-associated infection. 13 The anti-infection effect in the biological xed surface is also an important advantage; from this perspective, although the effect of Mg-Cu coating on bone integration was not obvious, its antibacterial ability is promising in orthopedic applications. Our unpublished data indicated that Mg coating can restrain peri-implant osteolysis. In contrast, although the osteogenic ability of Mg-Cu coating in this study was not obvious, the ability to inhibit osteoclast favors its use in patients with osteoporosis. Overall, Mg-Cu coating may not promote osteogenesis, but can exhibit antibacterial effects and inhibit bone destruction. We conducted an in vivo animal study to evaluate the effects of biodegradable Mg-Cu coatings on bone integration. The results of the present study suggest that the application of Mg-Cu coating in orthopedic implants is mainly due to its long-term antibacterial ability rather than its osteogenesis ability.
There are some limitations to the present study. First, an in vitro test was not carried out in the present study in order to verify the results obtained in vivo. Second, the degradation time of coating has not been claried in vivo, and further studies are necessary to elucidate the relationship between time and degradation.
Conclusions
In the present study, the osteogenic effect of Mg-Cu coated implants was compared using a rabbit model. The results Fig. 4 Hard tissue biopsy of the distal femur after one-and two-months (magnification 40Â, bar ¼ 1000 mm). The first row presents hard tissue biopsy of the distal femur from five groups after one month. The bone volume in the peripheral region of the porous group was significantly higher than that of the smooth group. However, there was no significant difference among the different Mg/Mg-Cu content groups. The second row presents hard tissue biopsy of the distal femur from five groups after two months. There was an overall decrease in bone volume compared with that after one month.
revealed that the porous structure is more conducive to promote osteogenesis than the smooth structure. Compared with the porous or Mg group, the Mg-0.1Cu and Mg-0.7Cu groups exhibited no obvious advantage in osteogenesis. The osteogenic application of Mg-Cu coating of orthopedic implants is worth further investigation. Furthermore, due to their long-term antibacterial ability, the biodegradable Mg-Cu coatings are promising in orthopedic applications.
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